INTRODUCTION
The vibrational properties of nanometric size objects have raised a large technological and fundamental interest during the past decade. They have been motivated by creation of high frequency electrically or optically driven oscillators scaling down the object size, 1,2 fundamental analysis of acoustic energy transfer at the nanoscale, 3−11 and investigation of the vibrational response of objects containing a few tens of atoms, as compared to that of the bulk material. 3,10,12−17 In the case of metal nanoparticles, studies performed in either the spectral or the temporal domains were mostly focused on nanoobjects formed by a single material, with various shapes and sizes down to about one nanometer. 8, 10 The experimentally observed vibrational mode frequencies were found to be in excellent agreement with a macroscopic elastic model, i.e., describing nanoobject vibrations with continuum mechanics model and using the elastic constants of the bulk material forming the object, and also in agreement with atomistic calculation for the smallest sizes. 15, 16 Nanoobjects formed by two or more materials have been much less investigated, though information can be obtained on the effects of size reduction on the acoustic properties and on the spatial distribution and mechanical interaction of the forming materials, the latter information being difficult to obtain by other means. In this context, results obtained in heterogeneous metal based nanospheres, i.e., metal−insula tor 18, 19 or insulator−metal 20, 21 core−shell nanoparticles, or few tens of atom clusters with surface bound molecules, 22 show the large impact of the nonmetallic component on the measured time domain vibrational responses, and yield information about the material coupling in the particles.
In the case of bimetallic particles, few alloyed and segregated systems have been investigated. 23−27 In the former case, acoustic vibrations of AuAg alloys particles were studied by Raman spectroscopy in 2 nm clusters 28 and 25 nm nano spheres, 29 and by time resolved spectroscopy for larger sizes, from 40 to 90 nm nanoboxes and nanocages. 30 As in the case of monometallic particles, results were interpreted using the continuum mechanics model combined with linearly averaged Au and Ag densities and sound velocities 28, 29 or fundamental elastic constants (e.g., C 11 , C 12 and C 44 ) 30 and found to be in agreement with atomistic modeling for AuAg alloyed 0.5−4 nm nanospheres. 31, 32 For a particle formed by segregated materials, their spatial distribution and mechanical interaction is expected to translate into its vibrational response. In the case of bimetallic systems, vibration of the full particle has been detected using time resolved pump−probe experiments in chemically synthesized AuPb spheres, AuPd rods, and AuAg bipyramids, as both parts of the particle are excited. 23, 24, 27, 33 The results show excellent 1 mechanical coupling of the metallic component and thus constitute a signature of the metal distribution. 27 In contrast, a Raman study of matrix embedded NiAg core−shell nano spheres fabricated by deposition of laser sputtered clusters (low energy cluster beam deposition, LECBD) 34 indicates vibration of only the Ag shell. 25 This was ascribed to weak coupling between the components and to a larger Raman response of the Ag part due to surface plasmon resonance enhanced coupling. These results suggest significant influence of both the particle fabrication method, leading to different contact between material components, and the optical investigation method, involving different light metal component interactions.
To further analyze the acoustic properties of multimetallic nanosystems, we have investigated the vibrational response of alloyed or segregated bimetallic nanospheres synthesized by either chemical or physical means using a time resolved pump− probe technique. The effect of segregation and alloying was investigated in colloidal solutions of alloyed and core−shell AuAg nanospheres with sizes in the 20−45 nm range and different compositions, and the results were interpreted in terms of the elastic model, which is fully applicable in this size range. The effect of structure and possible modification of the acoustic response of a thin layer was investigated for small size (2−3 nm) core−shell PtAu nanospheres fabricated by LECBD. In this size range, depending on the composition, the shell layer may be either incomplete or formed by a monatomic layer, offering the unique possibility of experimentally investigating the acoustic properties of such small systems.
SAMPLES
Measurements were performed in different alloyed or segregated bimetallic nanospheres whose compositions, morphologies, diameters, size dispersions and embedding environment are summarized in Table 1 . AuAg nanospheres in water were synthesized both in an alloy configuration (samples s1−s3) and in a core−shell geometry (s4 and s5). In the case of AuAg nanoalloys (Au 0.25 Ag 0.75 , Au 0.50 Ag 0.50 and Au 0.75 Ag 0.25 , samples s1−s3 respectively), synthesis was obtained by the methods described by Link et al. 35 and Rodrı́guez Gonzaĺez et al. 36 Briefly, a constant total metal molar concentration of 0.5 mM was used, and the Au:Ag molar ratio was adjusted through the addition of the corresponding concentrations of HAuCl 4 and AgNO 3 . In a typical synthesis, to a boiling aqueous solution of metal salts (100 mL), preheated sodium citrate 1 wt % was added (5 mL) under vigorous stirring, and the boiling was continued for 30 min. Finally, the solution was allowed to cool down to room temperature. Absorption spectra of AuAg alloy nanospheres ( Figure 1b) , with the three different compositions are shown in Figure 1a . They correspond to diameters of 45 ± 3 nm, 36 ± 10 nm and 33 ± 3 nm for samples s1−s3, respectively. As expected, their surface plasmon resonance (SPR) 37 shifts to longer wavelengths upon increasing gold molar ratio, 35,38−42 its maximum position linearly varying with composition. AuAg core−shell samples (samples s4 and s5) with gold core diameter of 15 nm and two different silver shell thicknesses (3 and 9 nm, resulting in Au 0.36 Ag 0.64 and Au 0.10 Ag 0.90 nanoparticles with diameters of 21 ± 6 nm and 33 ± 10 nm respectively, see Figure 1c ) were also obtained by chemical synthesis. In this case spherical gold nanoparticles with 15 nm diameter (the cores) were first prepared by adding 12.5 mL of 3.4 × 10 −2 M sodium citrate to 250 mL of a boiling solution of 5 × 10 −4 M HAuCl 4 , boiling being further continued for 15 min. 43 For 3 nm Ag layer deposition, 5 mL of 0.1 M ascorbic acid, 0.25 mL of 10 mM AgNO 3 and finally 2.5 mL of the Au colloid were sequentially added to 100 mL of 50 mM CTAB solution. Finally 0.5 mL of 1.0 M NaOH was added dropwise while stirring. To grow 9 nm silver shells, 1.25 mL of 10 mM AgNO 3 and 2.5 mL of 1.0 M NaOH were used instead. Silver coating was accompanied by a rapid color change from red to a different yellowish tone, depending on the Ag shell thickness obtained. The values of shell thickness and particles diameter were measured by high resolution transmission electron microscopy. Sample s4 (Figure 1d ), which contains a smaller amount of silver, shows a spectrally similar SPR to that of gold nanoparticles, 43, 44 while the absorption spectrum of sample s5, having a thicker silver shell and a very small amount of gold in the core, is similar to the spectrum of a silver monometallic sphere, characterized by a SPR around 400 nm ( Figure 1c ). 45 Three samples of quasi spherical nanoparticles (Pt 0.20 Au 0.80 , Pt 0.50 Au 0.50 , and Pt 0.80 Au 0.20 , from s6 to s8 respectively) with small sizes (external diameter ranging from 2.3 ± 0.1 to 2.5 ± 0.1 nm) embedded in a silica matrix were obtained by the LECBD technique. 13, 34, 46, 47 In this setup, laser induced ablation of a bulk target with the chosen stoichiometric composition generates a bimetallic plasma. Its subsequent cooling by collisions with a helium gas induces the nucleation and growth of small clusters with the same average composition as the target. Charged clusters are expanded in the form of a molecular beam and are size selected by an electrostatic quadrupolar deviator. They are thereafter deposited on the surface of a glass slide, simultaneously with a silica matrix evaporated by electron bombardment. The deposition of an additional silica layer provides a supplementary protection from oxidation. Electrostatic mass selection guarantees a very narrow size selection, resulting in a ± 4% (see Table 1 ) size distribution width. 47 Deposited nanoparticles have a quasi spherical shape and their surfaces are free from contaminant molecules. This aspect is particularly important for small nanoparticles as, for the size considered here (around 2.5 nm), more than 50% of the atoms lie close to the surfaces 13 and investigated properties can thus be sensitively affected by molecules attached to the external shell. Clusters initially nucleate with an atomic ratio given by the target composition. However, between clusters formation and their stabilization on the substrate, their chemical configuration may evolve (atomic interdiffusion). Depending on kinetic and thermodynamic constraints, nanoparticles with different structures can be formed, e.g., more or less ordered alloys, segregated systems as concentric core−shell, or side separated (Janus geometry). 48 In the case of PtAu mixtures, the high miscibility gap in the respective alloy bulk phases and the larger surface tension of Pt as compared to Au are in favor of the formation of Pt@Au (i.e., PtAu with Pt in the core) core−shell structures. 49 However, its structure proves to be dependent on preparation conditions, composition and environment. For instance, colloidal chemistry has shown the possibility of producing both Pt@Au and Au@Pt core−shell particles (D > 10 nm). 50 Nonetheless, a Pt@Au core−shell formation is predicted to be favored in the small size range, 51 even if the growth of side separated clusters (Janus) cannot be totally ruled out when surface effects are dominating as it is the case for smallest clusters (D < 5 nm).
For samples s6−s8, the nanoparticles concentration is too low to detect their absorption spectra. These are however still expected to show a SPR peak, in spite of the small size of nanoparticles (from 2.3 to 2.5 nm), as observed in denser systems and predicted both on monometallic nanoparticles of similar dimensions 52 and on bimetallic segregated PtAu systems. 39,53
EXPERIMENTS AND RESULTS
The elastic behavior of different nanosystems was measured using a time resolved two color femtosecond pump−probe setup, 8, 10, 54 the acoustic response being determined by measuring the modulation of the optical sample transmission induced by mechanical vibrations. A first laser pulse (pump) excites the electrons of the metallic nanoparticles, the relative change of optical transmission of a second delayed probe pulse yielding information on transient processes in the nanoparticles such as electron and lattice thermalization, 55−57 mechanical breathing 3, 8, 9, 13, 58, 59 and thermal transfer to the environment. 60 For generating the pump and probe synchronized pulses at the most appropriate wavelengths for acoustic vibration detection, two laser systems were alternatively employed, both based on a Ti:Sa cavity oscillator. In the first configuration, the Ti:Sa oscillator delivers infrared pulses with a duration of approximately 50 fs, 76 MHz repetition rate and pulse energy of 10 nJ. After beam splitting by a semitransparent plate, one of the two infrared beams is frequency doubled in a 200 μm thick BBO crystal. The infrared (λ ≈ 800 nm) and blue (λ ≈ 400 nm) pulses were used as pump and probe beams, respectively. The pump−probe time delay is swept on a range of a few tens of ps with a mechanical delay stage. Mechanically chopping the pump beam at 100 kHz and demodulating the photodiode signal by a lock in amplifier allows to achieve a relative transmission change ΔT/T signal with sensitivity down to 10 −7 . The second configuration is based on a Ti:Sa regenerative amplified system. In this case 27,61 the infrared pulse duration is approximately 120 fs, with a 250 kHz repetition rate and pulse energy of a few μJ. By combining the amplified system with an optical parameter amplifier (OPA), pulses in the full visible range from 500 to 700 nm can be generated. In this configuration, part of the amplified beam before the OPA is used as pump, after frequency doubling. This second configuration thus allows a better tunability in the visible range and time resolved signals with a bigger contrast, due to stronger excitation, at the price of a higher noise (ΔT/T noise level around 10 −5 ).
A representative pump−probe signal for Au 0.50 Ag 0.50 (sample s2) obtained with the regenerative amplified system (pump wavelength λ pump = 400 nm and probe wavelength λ probe = 500 nm) is shown in Figure 2a (blue line). Probe transmission change ΔT/T being essentially proportional to the excess energy in the metal electron gas, 54, 57, 62 its fast rise and fall reflects heating of the electrons by the pump pulse and their subsequent cooling by electron to lattice energy transfer. The latter results in a thermal dilation of the nanoparticle lattice equilibrium diameter, 3, 8 which launches acoustic vibrations, the fundamental breathing mode being preferentially excited and detected for metallic nanoparticles. 9, 19 The resulting modu lation of the nanoparticle volume affects the optical response through a periodic variation of the dielectric constant, which is at the origin of the oscillation in the ΔT/T signal (Figure 2a ). Frequency of oscillations in the time resolved signal thus directly shows the breathing mode vibrational period, while their damping reflects vibrating mode energy loss (homoge neous damping) and size and shape dispersion effects (inhomogeneous damping). On longer pump−probe delays (on a few tens of ps time scale) a slow varying background signal reflects global heating and cooling of the nanoparticles by heat transfer to the environment. 60 To measure oscillation period and damping rate, the oscillating contribution (black solid line in Figure 2a ) is first singled out by subtracting from the decaying part of the raw signal (blue solid line) its fit by a two exponential function (red dashed line), which reflects electron cooling and heat transfer to the environment. Both period and decaying time can then be precisely obtained by fitting the oscillating part (black solid line) with a damped oscillating function. Fourier transforming the oscillating contribution (Figure 2a insert) alternatively leads to the same frequency.
Time resolved pump−probe characterizations were repeated for all the samples, measured signals having different amplitudes depending on the excitation pulse energy (Ti:Sa oscillator or amplified laser system), concentration of nano particles in the sample, and wavelength dependent absorption. Choice of the probe wavelength close to the corresponding SPR (for samples s1−s5) allows the largest modulation amplitude. 3 Transient signals obtained on samples Au 0.10 Ag 0.90 (sample s5, oscillator with λ pump = 860 nm and λ probe = 430 nm) and Pt 0.20 Au 0.80 (sample s6, oscillator with λ pump = 810 nm and λ probe = 405 nm), as well as extraction of their oscillating parts are shown in Figures 2b and 2c , respectively.
Breathing mode periods being proportional to particle diameters, 63, 64 analysis of the elastic properties of bimetallic systems is carried out by comparing the variation of the normalized period over diameter ratio T 0 norm = T 0 /D 0 as a function of composition. In the case of mass selected silica embedded samples (samples s6 to s8), having a very small size dispersion (±4%), the measured period can be normalized directly by the average diameter D 0 . A more accurate analysis is required in the case of broader size distributions, as in the case of colloidal AuAg samples (samples s1−s3), which induce both important inhomogeneous damping (due to dephasing of the different oscillating contributions for each size) and frequency shift, both these effects being a consequence of the linear dependence of the period on the nanoparticle diame ter. 3, 8, 13, 15, 64 The former adds to homogeneous damping due to relaxation of the breathing mode through energy transfer to the surrounding matrix 4,6,65−68 and, possibly, to other vibra tional modes via anharmonic interactions 69 or interactions with crystalline defects. 5, 66 Size distribution is accounted for by the following model. As, for a metal nanosphere of diameter D in the size range considered here, the amplitude of the ultrafast transient response is proportional to its volume V(D) = πD 3 /6 (through its linear absorption cross section), 70 its contribution to the oscillating part of the transient absorption signal is given by 3, 6, 58, 66 
where T(D) = T 0 norm D and τ h (D) = τ h,0 norm D are the breathing mode period and homogeneous damping time, respectively, τ h,0 norm = τ h,0 /D 0 corresponding to nanoparticles with mean diameter D 0 , s 0 is an amplitude factor and φ 0 is the oscillation phase, considered at a first approximation as a fit parameter independent of D. 3, 4, 8, 58 By considering a Gaussian size distribution P(D) with standard deviation ΔD:
with ∫ P(D)dD = 1, the oscillating part of the transient absorption signal resulting from the sum of all contributions is given by
For a given size distribution (fixed D 0 and standard deviations, see Table 1 and Figure 3a for samples s1 and s2), eq 3 thus reproduces the experimental transient signal with amplitude s 0 , normalized period T 0 norm , normalized damping time τ h,0 norm , and phase φ 0 as free parameters, determination of T 0 norm being the main goal of this analysis. T 0 norm values obtained by fitting the ΔT/T signal with eq 3 (Figure 3b , red lines) are plotted in Figure 3c (full circles, samples s1−s3) as a function of nanoparticle composition. Black crosses in Figure 3c represent the normalized breathing periods obtained by a direct fit of the oscillating part of the transient signal with a single sinusoidal function (or by its Fourier transform), dividing the period by the corresponding mean diameter D 0 (see Figure  2 ), without taking size dispersion into account. As expected, direct fitting leads to a negligible discrepancy in the case of a small size dispersion (as for Au 0.25 Ag 0.75 , sample s1), the error being more important for broader distributions (Au 0.50 Ag 0.50 , sample s2). In the latter case, not taking size dispersion into account yields a considerably larger value for the normalized period (Figure 3c ), since the dominant contribution to the signal comes from vibrations of larger particles (absorption being proportional to nanoparticle volume), an effect that systematically shifts the resulting breathing oscillations to longer periods.
For broad size distributions (Au 0.50 Ag 0.50 , sample s2, Figure 3 , right column), the dominant contribution to experimental (Figure 3b , left column, red dashed line) is equal to (1.0 ± 0.5) ps/nm. It is however smaller than the one expected for particle to environment energy transfer in the case of water immersed pure Ag or Au spheres (corresponding to 2.8 and 5.7 ps/nm respectively, 3, 64 with negligible contribution from solvent viscosity 7, 68 ), the fit of the transient absorption signal with τ h,0 norm set to the theoretical Ag value showing a slightly longer oscillation damping time (Figure 3b , left column, green dotted line). The difference between the values expected for monometallic systems and the one deduced experimentally for the bimetallic spheres could possibly be ascribed to AuAg alloying, leading to shorter homogeneous τ h,0 norm , due to additional mechanism of relaxation of the breathing mode energy (e.g., anharmonic coupling to other vibrational modes, or interaction with internal defects). Further contribution to damping could also arise from uncertainties in the size and shape dispersions of nanoparticles, possibly deviating from a perfect sphere. However, a deviation of breathing mode periods smaller than 5% is expected for elongations up to 50%, 8, 13, 71 which is the upper limit of elongations deduced from TEM images (Figure 1) . Nonethe less, it should be noted that deduced T 0 norm values are negligibly affected by the values of homogeneous damping time τ h,0 norm considered here.
As its variations with size are expected to be small, 3,4,58 oscillating phase φ 0 has been considered constant throughout the analysis. The values deduced for samples s1 and s2 (φ 0 = 0.6 ± 0.1 rad and 0.4 ± 0.1 rad respectively) are consistent with the sample sizes, assuming indirect excitation of the breathing mode by lattice heating 4, 8 and repeating the analysis above after replacing φ 0 with its complete size dependent expression also provides the same results.
DISCUSSION
Normalized periods for water immersed AuAg alloyed nano particles (samples s1−s3) deduced by the analysis above are reported in Figure 4a (solid dots) as a function of gold composition. Periods of AuAg core−shell nanoparticles are also reported (samples s4 and s5, empty squares). Because of a complex dispersion in the core shape and diameter, as well as in the shell thickness, extraction of the average particle breathing mode period with the previous analysis was not possible for these two samples. Larger error bars account for these effects. Values for PtAu core−shell small nanospheres (samples s6−s8) are reported in Figure 4b . Because of the very small size dispersions, analysis of inhomogeneous broadening was not necessary for these mass selected samples, as in this case the apparent breathing mode period (Figure 2) can be directly normalized with the average diameter. When available, normalized breathing mode periods for monometallic nano . Normalized breathing mode periods T 0 norm = T 0 /D 0 as a function of sample composition for AuAg (a, samples s1 s3 and s4 s5 in black dots and empty squares, respectively) and PtAu (b, samples s6 s8 in black dots). Solid lines correspond to expected values calculated by continuous elasticity theory and bulk elastic constants by Ledbetter 74 (except for Pt) 75 for a core−shell configuration Au@Ag (Au core) and Pt@Au (Pt core). Dashed lines correspond to Ag@Au (Ag core) and Au@Pt (Au core) in parts a and b respectively. Colored points are experimental reference values for monometallic nano spheres. Dotted and dash dotted lines in part a show predicted periods for AuAg alloyed nanospheres obtained by a weighted average of either sound velocities or fundamental elastic constants C 11 , C 12 , and C 44 respectively. spheres were taken from experiments in the literature on nanoparticles within the same matrix (water or transparent solid matrix) and are shown as reference. This is the case for water immersed Au (Figure 4a , red circle), 58 silica embedded Au (Figure 4b , red circle) 15 and Pt (Figure 4b , gray circle) 13 nanospheres. Note that by changing the gold particle environment from water to silica, a decrease in period of the order of 4% is to be expected. 3, 4, 13 The oscillating periods expected for a core−shell config uration are compared and reported in Figure 4 for comparison. Periods were calculated by resolving Navier equations of a core−shell system in a homogeneous surrounding matrix after imposing, as boundary conditions, continuity of the displace ment and of the radial component of the stress tensor at the intermediate interface and at the nanoparticle−matrix inter face. 9, 19, 72 Solid (dashed) lines in Figures 4a and 4b correspond to core−shell Au@Ag (Ag@Au) and Pt@Au (Au@Pt), respectively. The theoretical values of breathing mode periods of monometallic nanospheres (values in Figure 4 , parts a and b, corresponding to 0 and 1 in the horizontal axis) match those calculated by continuous mechanics elasticity equations 64, 73 using the same bulk polycrystalline elastic constants. Note that in the case of monometallic Au and Pt nanospheres, a difference in the estimation of the breathing mode periods as large as 10% is obtained depending on the set of elastic constants used, 15, 74, 75 while this is not the case for Ag. For all the computations in Figure 4 , the set of elastic constants best matching experimental reference values for each monometallic constituent has thus been retained, this being the elastic constants by Ledbetter 74 for Au and Ag, and Kaye and Laby 75 for Pt (Figure 4b ). Values of density, longitudinal and transverse sound velocity for water ( Figure 4a ) are ρ = 1000 kg/m 3 , v l = 1482 m/s and v t = 0 m/s. In the case of silica embedded nanoparticles (samples s6 to s8, Figure 4b ), calculations were made for free spheres, as silica matrix is highly porous with pore sizes larger than particle diameters (porosity >30%), 76 resulting in a weak effective metal matrix contact. This assumption however only weakly affects vibra tional period computations, 15 the main effect being expected on damping (as also observed in pressure dependent vibrational studies on glass embedded silver nanospheres which confirmed the imperfect mechanical contact between the metal and surrounding solid matrix). 77, 78 For AuAg alloyed nanospheres (Figure 4a ), the effect of alloying on the breathing mode periods was computed by applying the same macroscopic acoustic approach based on continuous mechanics elasticity equations as for monometallic nanospheres, 64 and using as input material elastic parameters a weighted average of the elastic constants of the two metals. The averaged quantities are either (1) the densities and sound velocities of the two metals (Figure 4a , dotted line) or (2) their densities and C 11 , C 12 , and C 44 fundamental elastic constants, the Young modulus and Poisson ratio of the polycrystalline samples being then calculated, in the latter case, starting from these weighted parameters (dash dotted lines). 30, 79, 80 Although there is no ultimate conclusion in the literature on the dependence of elastic properties of bimetallic bulk alloys on composition, different investigations reporting linear averaging of the fundamental elastic constants upon alloying 80−82 or a slight deviation from linearity, 83, 84 we generally expect breathing mode periods to lie in the range between those for the individual components. This has been confirmed, in the 1− 4 nm range, by molecular dynamics calculations on AuAg nanoalloys. 31, 32 It should be underlined that crystallinity has not been taken into account in the computations of Figure 4 , as for spherical nanoparticles the variation of the radial breathing mode frequencies with crystal orientation is negligible, 8, 71, 85 unlike the quadrupolar mode, which is significantly affected by crystal orientation. 86 Experimental breathing mode normalized periods of AuAg nanoalloys (solid dots in Figure 4a ) show values consistent with those corresponding to the two different averages of elastic parameters (dotted and dash dotted lines). No unexpected signature of alloying on the breathing mode frequencies was observed experimentally. These values are more distant from the periods computed for core−shell configurations (solid and dashed lines). In addition, breathing mode periods of AuAg core−shell nanoparticles (empty squares in Figure 4a ) are also consistent with values expected for the corresponding core− shell structure (solid line). For AuAg bimetallic nanoparticles, measurement of the breathing mode frequencies by ultrafast spectroscopy allows to discriminate between internal nano particle configuration (alloyed or core−shell, in the latter case allowing determination of the element in the core), although for gold and silver the overall difference between the resulting breathing mode periods is limited. It should be reminded that, when the two combined metals present a more significant difference in their elastic properties, and the formed nanoobject has an anisotropic shape, as was shown for Pd coated Au nanorods, 27 variations of vibrational mode frequencies with the amount and the position of the metal deposited around the inner core could be sensitively larger, also providing a way to probe mass deposition of the external metal. This is indeed confirmed in the case of PtAu nanospheres (Figure 4b) , where experimental normalized values also lie very close to the theoretical predictions (Figure 4b , solid line) corresponding to the expected configuration (Pt@Au core− shell with Pt core), periods for Au@Pt structure (Au core, dashed line) being more distant from the corresponding experimental values. These computations in the core−shell configuration are based on a model configuration of a homogeneous and radially symmetrical core−shell structure. However, in the small size regime, this morphology is not realistic for all the samples, as for instance the size and composition of samples s7 and s8 (2.5 nm Pt 0.50 Au 0.50 and 2.3 nm Pt 0.80 Au 0.20 respectively) would lead to a calculated Pt@Au structure (Pt core) characterized by a gold homogeneous shell with a thickness smaller than that of a monatomic layer. Similarly, when computing the breathing mode periods for the Au@Pt core−shell configurations with a gold core the size and atomic fraction of samples s6 and s7 would lead to unrealistically thin Pt shells. Bimetallic nanoparticles of these sizes are more likely characterized by an asymmetric morphology with a monatomic thin shell only partially covering the core, with part of the atoms of the core in contact with the external matrix, forming a Janus like structure. A more refined model can be used in this geometry, by computing the breathing modes through finite element method (FEM). 9, 71 Janus like structures have been modeled as nanospheres with the same external diameter, total number of atoms and atomic fractions as the ones of samples s6 to s8 (see Supporting Information). The thickness of the monatomic shell layer, only partially covering the core, has been set to 0.318 and 0.306 nm, corresponding to the diameter of the free electron spheres of Au and Pt respectively, 87 and its extension defined by an azimuthal angle α (see Figure S1 and Table S1 in Supporting Information). The elastic constants used for the core and the incomplete shell are still those of polycrystalline bulk materials, this choice being nonetheless a crude approximation partic ularly in the case of a monatomic layer. The breathing mode periods deduced by FEM modeling (full and empty diamonds in Figure S2 for Pt@Au and Au@Pt core−shell structures respectively) match the ones computed for homogeneous radially symmetrical core−shell nanospheres, confirming at first sight the validity of the predictions regardless of the exact degree of coverage (partially extended or complete shell).
CONCLUSIONS
Time resolved ultrafast spectroscopy was used to investigate the vibrational dynamics of bimetallic alloyed and core−shell nanoparticles, in order to elucidate the impact of combining two different metals on their acoustic response. The experi ments were performed on water immersed chemically synthe sized AuAg nanospheres with alloyed composition with different AuAg ratio in the 33−45 nm range and AuAg core− shell nanoparticles of 21 and 33 nm, and on small silica embedded 2.3−2.5 nm segregated PtAu nanospheres. Optical excitation and detection of the radial fundamental vibrational mode (breathing mode) was observed for all of them, allowing us to determine their breathing mode periods.
In the case of AuAg systems, the experimental normalized periods were different for alloyed and segregated AuAg core− shell nanospheres. In both cases, measurements were in quantitative agreement with predictions based on continuous elastic theory. For alloy composition, frequencies were calculated by averaging macroscopic elastic parameters (e.g., their sound velocities or fundamental elastic constants). In the case of core−shell nanostructures, predictions are based on a two material continuous elastic mechanics approach, 9, 19, 72 whose previous application to a metal dielectric systems 18 has been thus extended to bimetallic AuAg nanoobjects. Compar ison between experiments and theoretical predictions on alloyed and core−shell AuAg nanosystems demonstrates that the measurement of their breathing mode periods can be used to probe and discriminate their internal structures.
The same model was used for analyzing breathing mode periods of small glass embedded PtAu core−shell nanospheres, synthesized by physical methods with very low size dispersion and surfaces free of contaminant molecules. Ultrafast optical detection of their breathing mode frequencies could again be used to discriminate their internal structure (Pt@Au or Au@Pt core−shell), measured periods being in agreement with the predictions only for the expected configuration. This further confirms that a macroscopic acoustic model based on continuous mechanics with bulk material elastic constants is valid for predicting the acoustic response of particles with sizes down to the nanometer size range. This conclusion, already reported for monometallic nanospheres 13 can thus be extended to bimetallic nanometric size structures. Robustness of the model was tested by FEM computation on more realistic asymmetric PtAu small size structures.
Combination of two metals at the nanoscale being a relatively unexplored subject, studying its effect on other ultrafast properties through investigation of their time resolved dynamics could also lead to a better understanding of the mixed systems. In this context, higher order harmonic modes of such systems could be detected and their composition dependence characterized by a similar experimental approach as the one presented here. 4, 88 Study of other dynamical properties as electron−electron and electron−lattice thermalization of bimetallic systems could also yield interesting informa tion. 10, 89, 90 The effect of the shape of small bimetallic nanoobjects on the acoustic dynamics would similarly deserve further investigations, through the analysis of distinct vibra tional modes that could bring new insight into the effect of alloying on the elastic properties.
AUTHOR INFORMATION
Corresponding Author *(P.M.) E mail: paolo.maioli@univ lyon1.fr.
Notes
The authors declare no competing financial interest.
